Turning experiments were carried out on AA 7075/SiC composite workpiece in dry and spray cooling environments based on L16 Taguchi design of experiments. Multiple performance optimization of process parameters was performed using grey relational analysis. The performance characteristics considered were average surface roughness, cutting tool temperature and material removal rate. Uncoated carbide inserts were used for machining the workpiece in a high speed precision lathe. A grey relational grade obtained from grey relational analysis was used to optimize the process parameters. Optimal combination of process parameters was then determined by the Taguchi method using the grey relational grade as the performance index. Experimental results indicated that the turning in spray cooling environment was beneficial compared to that in dry environment for the quality response characteristics under consideration. Analysis of variance showed that feed was the most significant parameter for the multiple performance characteristics during turning in both the environments.
Introduction
Silicon carbide (SiC) reinforced aluminum matrix composites (AMC) are significant for their high strength-to-weight ratio, superior tribological properties, high thermal stability and good corrosion resistance behavior, for which they are increasingly being used in automobile, marine and aerospace industries (Kumar et al., 2010; Suryanarayanan et al., 2013; Das et al., 2014) . However, these are difficult-to-machine materials due to the presence of very hard ceramic reinforcements, which also leads to their poor machinability involving high tool wear and surface imperfections (Schubert & Nestler, 2011; Radhika et al., 2014) . During turning AMCs, the integrity of machined surface is affected by particle fracture, interfacial de-lamination, particle pull out and matrix work-hardening (Hung et al., 1995) . Gallab and Skald (1998) observed the presence of grooves and holes in the scanning electron micrographs of machined surfaces, due to pull out of SiC particles and fractured SiC particles, during dry high-speed turning of Al/SiC composites using poly crystalline diamond (PCD) inserts. Manna and Bhattacharyya (2002) while dry machining SiC reinforced Al 2080 matrix composites using some special tooling systems, observed the average surface roughness reduced with increasing cutting speed; however, that increased with increasing feed and depth of cut. Ciftci et al. (2004) during dry turning of Al 2014/SiC composites, reported that uncoated carbide tools produce better surface finish than coated carbide tools at lower cutting speeds, but Kilickap et al. (2005) observed better surface finish with TiN coated tools than that of uncoated tools, while machining 99.9% pure Al/SiC composites.
Use of coolant during turning increases abrasion between the tool flank and machined surface that leads to groove wear and deteriorates the surface quality (Ding et al., 2005) . Surface quality deteriorates during wet turning of ceramic reinforced AMCs, due to flushing away of the partially de-bonded particles thus by creating voids and pit holes on the machined surface (Kannan & Kishawy, 2006; Kannan & Kishawy, 2008) . Krishna and Reddy (2012) observed an increase in cutting temperature with the increase of either depth of cut or cutting speed, during turning AA 6061/SiC composite using K20 carbide insert. Chandrasekaran and Tamang (2014) , while turning SiC reinforced AMCs using PCD inserts reported that feed rate was the most influencing parameter for average surface roughness and material removal rate. Lin (2004) adopted Taguchi method and grey relational analysis (GRA) to optimize cutting parameters for multi-response characteristics (tool life, cutting force and surface roughness) simultaneously, during turning S45C steel using P20 tungsten carbide insert and reported that cutting speed of 135 m/min, feed rate of 0.08 mm/rev and depth of cut of 0.6 mm were the optimal combination of cutting parameters for the multi-response characteristics. GRA based on Taguchi method was also adopted by Tzeng et al. (2009) to optimize the machining parameters for multiple surface quality targets (i.e. roughness average, roughness maximum and the roundness) simultaneously, during turning SKD 11 (a high carbon, high chromium alloy tool steel) using TiN coated carbide insert and reported that cutting speed of 155 m/min, feed rate of 0.12 mm/rev, depth of cut of 0.8 mm and cutting fluid ratio of 12% was the optimal combination of machining parameters for the multiple performance characteristics. Sreenivasulu and Rao (2012) applied Taguchi method and GRA to optimize drilling parameters for surface roughness and roundness error simultaneously. Gupta and Kumar (2013) also applied Taguchi method and GRA to optimize turning parameters for surface roughness and material removal rate simultaneously, during turning unidirectional glass fiber reinforced plastic composites; and observed that the depth of cut was the most influencing factor for surface roughness and material removal rate, followed by feed rate. Krishnamurthy and Venkatesh (2013) in their work presented that during machining, attention should be focused on economy and product quality simultaneously. Surface quality of the product, cutting temperature and material removal rate are the most important factors which influence directly on the machining economy and product quality. Surface roughness is an important index of machinability that determines product quality. Products for precision works require a high degree of surface finish, especially to improve the tribological properties, fatigue strength and corrosion resistance. Machining of a material involves severe plastic deformation in primary and secondary deformation zones, due to which heat is generated and cutting temperature rises. The rise in cutting temperature leads to early wear of cutting tool and the dimensional inaccuracy of the finished product (Krishna & Reddy, 2012) . Moreover; high material removal rate is desirable during machining to increase productivity. Use of coolant during machining the aluminum matrix composites reduces cutting temperature; however, the surface quality is deteriorated as compared to dry machining (Ding et al., 2005; Kannan & Kishawy, 2006; Kannan & Kishawy, 2008) . In this experiment, a novel method of air-water spray cooling (SC) system has been developed for cooling the work-tool interface zone during turning a SiC reinforced AMC. This paper presents a comparative study for the multiple quality response characteristics, i.e. average surface roughness (Ra), cutting tool temperature (T) and material removal rate (MRR), while turning the composite both in dry and SC environment for the same machining parameters. In addition to this, it includes a systematic way of optimization of machining process parameters for Ra, T and MRR considered simultaneously, using Taguchi method and GRA during turning the composite bar in both dry and SC environment.
Materials and methods
AA 7075 matrix composite reinforced with 20 wt. % SiC (of average particle size 8.18 µm) was used as work material for turning. Chemical composition test result of the matrix alloy is shown in Table 1 . The composite was fabricated by conventional stir casting method in an electrical resistance furnace, mounted with a speed regulated stirring system and temperature controller. The matrix alloy was heated up to 820 0 C in a steel crucible and then a vortex was created on the surface of the molten alloy by stirring at a speed of 160 rpm. The SiC particles, preheated to 900 0 C for 2 hours, were then added in to the vortex of the molten alloy. The stirring was continued for 10 minutes at a speed of 220 rpm. Stirring blades were placed at about one third of the height of the molten metal from its bottom. Before pouring in to a steel mold, about 10 grams of solid Hexachloroethane tablet was dipped into the bottom of the composite slurry for degassing. The pouring temperature of the slurry was around 800 0 C. Hardness of the fabricated composite bar was 82 HRB. Distribution of reinforced particles in the matrix phase was observed through a Lieca make DMI3000 M inverted optical microscope. Figure 1 represents the optical micrograph of the composite sample at 100X magnification, which depicts a uniform distribution of SiC particles in the matrix phase, with local agglomeration at some places. The red circular marks in the micrograph indicate the regions of local agglomeration. The composite bar fabricated for turning was of cylindrical shape. Diameter and length of the bar were 50 mm and 110 mm respectively. The machining length was 70 mm. Turning experiments were conducted by a high speed precision lathe (NH 22, HMT) using uncoated carbide inserts of geometry SNMG 120408-THM, manufactured by Kennametal India Ltd. The inserts were clamped rigidly in a turning tool holder of code PSSNR 2525M-12. The experimental setup for generating air-water spray ( Fig. 2) consists of an air compressor, a water pump, two pressure regulating valves (one for air and the other for water) and a spray nozzle. Compressed air and water at desired pressure levels are mixed and allowed to pass through the nozzle to produce the spray. Experiments were conducted both in dry and SC machining environments. A constant water pressure of 3 bar and air pressure at four different levels were used for turning the composite in SC environment. ( )
where D1 = Workpiece diameter before cut (mm), D2 = Workpiece diameter after cut (mm), f = feed (mm/rev) and N = Spindle speed of lathe (rpm).
Machining process parameters and their levels used for turning the composite in dry and SC environment are presented in Tables 2 and Table 3 , respectively. Experiments were conducted using Taguchi L16 orthogonal array (Table 4) . 
Grey relational analysis
Taguchi method and GRA were used to optimize the machining process parameters for multiple response quality characteristics, i.e. Ra, T and MRR, during turning the composite both in dry and SC environment. GRA can be successfully applied to a system with less or incomplete information. Various steps involved in this method are:
(a) Normalization of experimental results or linear data processing or grey relational generation (b) Determination of deviation coefficient and grey relational coefficient (c) Determination of grey relational grades and their order sequencing (d) Analysis of experimental results using the grey relational grades and statistical ANOVA (e) Selection of optimal levels of machining parameters (f) Verification of optimal machining parameters through confirmation experiment
Grey relational generation or linear data processing generates normalized data sequence for the experimental results within 0 and 1. If the target value of the original sequence is "smaller is better", then the original sequence is normalized as Eq. (2).
However, if the target value is "larger is better", then the original sequence is normalized as Eq. (3).
where ( )
is the sequence after the data processing or compatibility sequence,
is the original sequence of the target value for i = 1, 2, 3…., m and k = 1, 2,…., n. m is total number of experiments and n is total number of process responses. For the present analysis, m = 16 and n = 3.
Next step is to determine the deviation coefficient, which is the absolute value of the difference between reference sequence and compatibility sequence, i.e.
is reference sequence or ideal sequence. Grey relational coefficient is then determined using Eq. (5).
where
is the grey relational coefficient and ζ is distinguishing coefficient (0~1).
Grey relational grade (γ(
)) is the weighted sum of the grey relational coefficients and represents the level of correlation between reference and compatibility sequence. It can be calculated using Eq. (6).
The grey relational grades are than sequenced in descending order. Higher value of grey relational grade represents the stronger relational degree between the reference sequence and compatibility sequence. The highest values of grey relational grade represent the optimal combination of machining parameters for the desired responses (Lin, 2004; Tzeng et al., 2009 ). Table 5 represents the experimental results and normalized data of Ra, T and MRR during turning in dry environment; and those for turning in SC environment are presented in Table 6 . The target values of Ra and T are "smaller is better" and that for MRR is "larger is better". From the experimental results, it is observed that the values of Ra and T during turning in SC environment are lower than those for dry turning, for the same levels of d, f and N. Further, the MRR values during SC turning are higher than those during dry turning, for the same levels of d, f and N. So, it is clearly evident that turning in SC environment produces better surface quality than that of dry environment. It may be due to the fact that the water particles are finely atomized in presence of compressed air while passing through the nozzle. It eliminates the problem of flush out of the partially de-bonded particles from the machined surface of composites, which is a common problem in wet machining (Kannan & Kishawy, 2006; Kannan & Kishawy, 2008) . Moreover, due to cooling effect produced in the air-water spray environment, the temperature of the cutting tool reduces, thus by enhancing the tool life. Deviation coefficients and grey relational coefficients with ζ = 0.5 are presented in Table 7 and Table 8 for dry turning and SC turning respectively. Table 9 represents grey relational grades and their order for the multiple performance characteristics for turning in dry environment; and those for turning in SC environment are presented in Table 10 .
Results and discussion

Multi-response optimization of process parameters
Table 9
Grey relational grades and their order during turning in dry environment Response tables were generated using Taguchi method to calculate the mean grey relational grade for each factor level, as illustrated in Table 11 for turning in dry environment and in Table 12 for turning in SC environment. In Table 11 the largest values of grey relational grade are obtained for the combination of d1-f1-N4, which indicates that the optimal combination of machining process parameters for the multiple performance characteristics during dry turning of the composite is depth of cut of 0.2 mm, feed of 0.04 mm/rev and spindle speed of 930 rpm. Similarly, in Table 12 the largest values of grey relational grade are obtained for the combination of d1-f1-N4-Pa4, indicating a depth of cut of 0.2 mm, feed of 0.04 mm/rev, spindle speed of 930 rpm and air pressure of 1.5 bar (at Pw = 3 bar) is the optimal parameter combination for the multiple performance characteristics during turning the composite in SC condition. The main effect plots for means of grey relational grade are shown in Figure 6 and Figure 7 for dry turning and spray cooled turning of the composite respectively. The dashed lines in the main effect plots represent the total mean of the grey relational grade. 
Analysis of variance (ANOVA) for Grey relational grade
In order to investigate the significance of machining process parameters on the multiple performance characteristics, ANOVA was conducted for grey relational grade at 95% confidence level using MINITAB software. Total sum of squared deviations (SST) can be calculated using Eq. (7). 
Fisher's value (F) and probability of significance (P) can be used to determine the significance of machining process parameters on the multiple performance characteristics. For a large value of F or small value of P the corresponding machining parameter has a significant effect on the performance characteristics. Percentage of contribution of a machining parameter can be calculated by dividing SST by the corresponding SS, as presented in Eq. (9). 
Verification of optimal machining process parameters through confirmation experiment
After finding the optimal combination of machining process parameters and the most influencing factor for Ra, T and MRR, the final step is to verify for the responses by conducting some confirmation experiments. Table 15 and Table 16 show the results of the confirmation experiments during turning the composite in dry and SC environments respectively.
Table 15
Results of cutting performance using the initial and optimal process parameters during turning in dry environment Table 16 Results of cutting performance using the initial and optimal process parameters during turning in SC environment In both the cases the values of Ra and T for optimal combination of process parameters were sufficiently lower as compared to those of initial process parameters. However, the MRR for optimal combination of process parameters was sufficiently higher than that of initial process parameters for both the cases. The improvements in grey relational grade for optimal parametric combination than that for initial process parameters are 0.4250 and 0.4412 for turning in dry and SC environments respectively. Further it is observed that for optimal process parameters the experimental values of Ra and T in case of turning in SC environment are lower and MRR is higher than those values in dry turning.
Conclusion
1. Turning SiC reinforced AMCs in spray cooled environment produces better surface quality, reduced cutting tool temperature and improved productivity as compared to dry turning. 2. From the response table, the largest values of the grey relational grade are achieved for the depth of cut of 0.2 mm, feed of 0.04 mm/rev and spindle speed of 930 rpm for dry turning of the composite. It is the recommended levels of cutting parameters for turning SiC reinforced AMCs in dry environment for minimizing average surface roughness, minimizing cutting tool temperature and maximizing the material removal rate, simultaneously considered. Similarly, during turning in SC environment, the largest values of the grey relational grade are obtained for the depth of cut of 0.2 mm, feed of 0.04 mm/rev, spindle speed of 930 rpm and air pressure of 1.5 bar (at water pressure of 3 bar). It is the recommended levels of cutting parameters for turning the composites in SC environment for the multi-response characteristics (Ra, T, and MRR). 3. ANOVA results for grey relational grade indicates that feed is the only significant machining process parameter for the multi-response characteristics under consideration, for both the dry and SC environments. The contribution of feed in SC environment is quite large as compared to that in dry environment. 4. Confirmation experiments reveal that the improvement in grey relational grade of optimal combination of parameters than the initial setting of parameters is 0.4250 for dry turning and 0.4412 for spray cooled turning of the composite.
